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Measurement of Polarization of J/1 in B® — J/¥ + K*® and

Bt — J/ + K** Decays

The Belle Collaboration

Abstract

The polarization of J/4 is measured in BY = J/¢ + K*® and Bt -
Jfp+ K+ decays. A data sample corresponding to an integrated luminosity
of 5.1 fb~! has been collected by the Belle detector at the KEKB electron-
positron collider and used for the analysis. The polarization is determined
from the angular distribution of the decay of J/¢ and K*. Preliminary results
of the polarization measurement and the transversity analysis are presented.
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I IHTRODUCTION

The measurement of the polarization of J/4 in the decay B — J/i+ K* is a good test
of the factorization hypothesis [1]. In addition, this decay mode plays an important role in
the study of the CP violation since the decay B® — J/fpK™® — J/Ken® is a CP specific
state. However, since the J/yK* system has three different possible helicity states, CP even
and odd states are mixed. The measurement of the polarization of J/y gives information
on the amount of the mixing.

The polarization can be studied in two different bases. One is the helicity basis and
the other is the transversity basis. The former is the conventional method and is used to
measure the longitudinal polarization of J/3. Previous measurements of this value widely
fluctuate as summarized in Table [ Earlier measurements by ARGUS [2] and CLEQ I [3]
show very high values close to I, which is inconsistent with predictions from most of the
factorization models [4]. This inconsistency raised a broad argument among theorists. CDF
[5] then measured the polarization and obtained a lower value which is consistent with the
models, as did the re-measurement by CLEO II [6]. The aim of this paper is to measure
this value with better precision using higher statistics.

The longitudinal polarization represents the amount of the helicity [0,0 > component
which is a pure CP even eigenstate in BY — J/¢K** — J/9Kgn®. However, the remain-
ing helicity states | & 1, %1 > are CP mixed states and their CP eigenstate composition
cannot be determined from the longitudinal polarization. The transversity basis analysis
[7] projects out CP components from such CP mixed states by measuring the transverse
parity polarization. The measurement of the polarization is useful for future CP asymmetry
measurement using this decay mode.

In this paper, we present measurements of both longitudinal and transverse parity po-
larizations of the J/v in B — J/¢% K" decays. The measurements are performed using a
sophisticated fit based on an unbinned likelihood method.

Experiment Tp/F
ARGUS (1994) . 0.97+0.16 +0.15
CLEO II (1994) 0.80 4 0.08 +0.05

CDF (1995} 0.65 £ 0.10 3= 0.04
CLEO II (1996) 0.52 4:0.07 £ 0.04

TABLE I. Previous measurement of I'r, /T

II. DATA SAMPLE

The polarization of the J/¢ was measured by reconstrecting both neutral and charged
B meson decays into the following 3 final states:

1. BY — J/pK* (K™ ~ K+57),
2. Bt = J/pK** (K™ = Kent),



3. BY = J/YK*T (K™ = K'ta0),

and their charge conjugates.

The data sample used in this analysis corresponds to an integrated luminosity of 5.1 bt
acquired by the Belle detector (8] at the KEKB electron-positron collider [9]. Events which
pass the hadronic event selection and satisfy Rz < 0.5 are used in the analysis, where R; is
the ratio of the second to 0’th Fox-Wolfram parameter. Candidate B — J/$XK* decays are
reconstructed in the following steps.

A. Reconstruction of J/3

The reconstruction of the J/1 is performed using dilepton decays, i.e. J/¢ — e*e™ and
ptu=. For ete™ decays, electrons and positrons are identified by combining information
from several detectors such as the matching between the energy measured in the calorimeter
(ECL) and the momentur measured in the central drift chamber (CDC), the shower shape
of the cluster energy deposit in ECL, d/dz measured in the CDC. A likelihood is calculated
from these measurements and it is required to be consistent with electrons. If there is an
energy cluster in the calorimeter within 0.05 radians of the identified track, its energy is
added to that of the track. This is done to include photons emitted by radiative decay of
J/. The invariant mass of two tracks, both of which satisfy the criteria above and have the
opposite charges, is calculated and the tracks are identified as a J/i — e¥e™ if the mass is
in the range 2.8 GeV/c? < M{ete™) < 3.2 GeV /%

Muons are identifted by looking at the tracks which have associated hits in the muon
detector (KLM). The number of hit layers in the KLM is compared with the expected
number calculated from the momentum measured in the CDC and the muon likelihood is
caleulated combined with the energy deposit information of the associated ECL hit. A track
whose likelihood is high is identified as a muon track. The dimuon invariant mass is required
to be in the range 3.0 GeV/e? < M(ptp~) < 3.16 GeV/e? to be identified as a J /4.

For the identified lepton tracks, a kinematic fit with a vertex and mass constraint is
performed to improve the mass resolution.

B. Reconstruction of K*° and K**

The K** and K** candidates are reconstructed by looking at the decay modes K*¢ —
K¥s~, K** = Ken* and K** — K*2° and their charge conjugates. In the reconstruc-
tion, charged kaons are identified by requiring the kaon likelihood of a track is high. The
kaon likelihood is obtained by combining measurements of the time of flight by scintillation
counters (TOF), dE/dz by the CDC and hit information in the aerogel Cerenkov counters
{ACC). The tracks which are not identified as kaons nor leptons in the J/# reconstruction
are treated as charged pion candidates.

The Ky eandidates are reconstructed from two oppositely-charged pions which satisfy
the following conditions: 1) the closest distance of both pion tracks to each other is less
than 0.03 cm, 2) the opening angle between them is less than 0.15 radians, and 3) the
reconstructed decay vertex of K is at least 0.1 cm from the interaction point. The invariant
mass is caleulated and a pion pair with 0.47 GeV/c® < M(xt7™) < 0.52 GeV/? is identified
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asa K. A vertex constraint fit is performed for the pion pair to improve the mass resolution.
The 7® reconstruction is performed by searching for two clusters in the ECL with energy
greater than 40 MeV. A photon pair with invariant mass in the range 0.125 GeV/e® <
M(y7) < 0.145 GeV/c® is identified as a 7% A mass constraint fit is performed to obtain
the momentum of the 7°. ‘

A K0 is identified if the difference of the invariant mass of an identified kaon-pion pair
is within 75 MeV/c? of the nominal K* mass.

C. Reconstruction of B® and B+

The B? and Bt reconstruction is performed by calculating the beam constrained mass
{ M) and the energy difference between the B candidate and the beam energy (AE). The
scatter plot of My, and AF is shown in Figs 1 - 3 for each of J/pK*HK*® - Ktx™),
JIK*H(K* = Kent), and J/pKH (K™t — K*¥z% decay modes, together with the
projection onto each axis. The signal region is determined so that the width of the region
covers 3¢ from the peak. The beam constrained mass is required to be between 5.27 and
5.20 GeV/c2. |AE] is required to be less than 30 MeV for J/pK*"(K™® — K*x~) and
JIpK T (K*+ = Kgrt), while it is required to be less than 45 MeV for J/oK**+(K*t —
K*1%) because of shower leakage in the #° reconstruction. When an event has multiple
entries in the signal region, the combination whose My and AE values are the closest to
M. = 5.279 GeV/® and AF = 0.0 GeV in the M, — AE plane is taken.

Decay Mode Yield Efficiency(%)
B I )0 T e 2 20.9
Jfp = ptp 62 23.3
B S Jjp(Ksnt) IS ete 18 133
Jip = ptu 13 158
BY — Jjp(K+a%)t Jjp = ete i2 10.3
T/ = wtum 22 12.6

TABLE II. Signal yields in the data sample and the efficiency estimated by Monte Carlo.

In JHK**H (K™ = K2 reconstruction, the angle of the kaon with respect to the
K* direction in the K* rest frame (cosfk-) is required to satisfy cosfk. < 0.8 to eliminate
slow pion backgrounds. This is equivalent to a constraint on the 7° minimum momentum
of about 200 MeV /¢ in the CM frame. The numbers of reconstructed events that pass these
selection criteria are summarized in Table IL

The detection efficiency for each decay mode is estimated by applying the same selection
criteria to Monte Carlo event samples. The estimated efficiencies are given in Table II.
Monte Carlo events are generated assuming & flat angular distribution using the Q@ event
generator [10]. The generated events are passed through a detector simulation program
based on GEANTS3 [12] and then are fed into the same reconstruction chain as that used for
data.
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FIG. 4. The distribution of invariant mass of kaon-pion pairs for B candidates without the K*
mass window selection. The solid line shows the fit to two Breit-Wigner functions corresponding
to K*(892) and K3(1430) with a background function. The dotted line shows the K3(1430)
component while the background component in the dashed line.

D. Background Estimation

The contamination of background in the selected event sample is studied for several
sources.

The fixst source is the feed across from one B — J/¢K* mode to another. This can be
one of the major background sources since the total energy and the beam constrained mass
are similar. The amount of feed across among the six major J/y exclusive decay modes is
estimated using Monte Carlo.

The second source is from non-resonant production such as B — J/¢Kn. The contami-
nation from non-resonant decay is studied by looking at the events in the A mass sideband.
Fig. 4 shows the K'r mass distribution for events selected by the criteria used for the signal
reconstruction without requiring the K* mass window. As reported by CLEQ [6], some
excess is observed in the high mass region of 1.1 to 1.6 GeV /c%. In particular, there appears
to be a peak near 1.43 GeV/c?. We assume the pesk is from B = J/9K2{1430) decay and
fit the K mass distribution with two Breit-Wigner functions describing the K*(892) and
#5(1430) mass peaks combined with a second order polynomial 4s a background function.
The peak position and width in the Breit-Wigner functions are fixed at PDG values in the
fit. The contamination of the non-resonant decay background is estimated from the fitted
functions.

The third source is the contamination from other B decays. This category consists of
contamination from other J/4 inclusive decays, feed down from higher charmonium states to
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J/%, and combinatorial background events. These backgrounds are evaluated using Monte
Carlo.

The last source is contamination from continuum events. This is also estimated by Monte
Carlo with the LUND73 event generator [11].

The results of the estimation are summarized in Table III. The numbers show the frac-
tion of each background source in the event sample. As seen, the overall contamination of
background is less than ~12%. The largest background comes from non-resonant K pro-
duction which is about 4%. The contamination from the possible K3(1430) tail is negligible.
However, the high mass excess in the K* sideband is still not well understood and this esti-
mation is not reliable. In this analysis, a systematic error of 100% is assigned to this value.
The contamination of the feed across is different in each reconstructed mode, varying from
1 to 7 %. The background from other B decays is very small. For continuum background,
no events remained after applying the same selection to 10 million continuumn events gen-
erated by the Monte Carlo in all three modes. Therefore background contamination from
continuum events is omitted in the analysis.

The overall background contamination is cross checked by comparing the estimated back-
grounds with the events in the AE and M, sidebands. It is consistent.

JpE a0 Jfp(Hsmtyt J/pKEat)t

Signal(rs,) 94.1 50.2 88.2

Feed Across (r},) Jip(K*a~)® - 3.3 7.1
Jip(Kgmt )yt 0.2 - <0.1

JIp(K*r a0+ 0.9 <0.1 -

JJp(Ksa®)® 0.1 2.8 0.1

JipK* <0.1 <0.1 <0.1

JjvKs 0.3 <0.1 0.1

Non resonant (ry,) 4.1 4.1 4.1
Other B decays (reoms) 0.1 0.2 0.1
Continuum <0.1 <0.1 <0.1

TABLE III. The percentage of signal and individual background components for each chanmet.

IH. MEASUREMENT OF LONGITUDINAL POLARIZATION

The longitudinal polarization of the J/i is measured using the helicity basis. Fig. 5
shows the definition of angles used in the analysis. The decay angle 8y is the angle of the
positive lepton with respect to the moving direction of the J/v defined in the J/i rest
frame. The angle 8- is defined similazly for the kaon from the K*.

The decay angles #,; and Bx. are related to the Jongitudinal polarization T'z /T of J/4) as
(6] [13):

dr

1 dr _ 8 26, Vsin2n (1 — LX) + Dsin?0,c08%0. LL
T deosdydoost: 32(1 + ¢o5°fy)sin’fx- (1 T )+ gsin Bpcos - T (1)
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FIG. 5. The definition of angle used in the helicity analysis

The polarization of the J/¥ in B = J/K* decays is obtained by fitting this formula to
the measured 2-dimensional distribution of cosfy and cosf-, taking the detection efficiency
and the effect of the backgrounds into account.

The fit is performed using an unbinned likelihood method. The probability density
function (PDF) is defined using the theoretical distribution in (1) and can be expressed as

147
PDF(z,y) = 146 % E(z,y) - xdy(x’y)

Tdzdy

+ Z: T}a X e}u(xt y) N f;a
Jeedacross

+ Tar X fnr(xa y)

+ Teombi X Feombi 2)

where z = cosfy and y = cosfy-. e{z,y) is the detector efficiency as a function of two angles,
€},(%,y) is the efficiency for ¢'th feed across mode as a function of two angles. The ¢ runs over
all the feed across modes kisted in Table IIX. £}, far(%,) and feors: are the angular shapes
for #’th feed across mode, the non resonant contribution and the combinatorial background,
respectively. .

Tsigy r}a, Tnr Teombi ar€ fractions of signal events, i'th feed across contamination, non-
resonant contamination and combinatorial background in the event sample, respectively.
These are obtained by the efficiency and background study described in the previous sections.
The numbers listed in Table IIT are used.

The detector efficiency functions e{z,y) and €(z, y)%, are obtained wsing a large Monte
Carlo data sample (200000 events in total) generated with a flat angular distribution. The
events are histogrammed in a 10 x 10 mesh in the cos#y — cosfk- plane and the distribution
is fitted with a 2 dimensional polynomial. The efficiency functions are almost flat except for
the large cosfix. region where slow pions dominate.

The angular shape for the non-resonant decay fa.{z,y) is estimated by using Monte
Carlo evenis generated assuming phase space decay. The effect of the detector efficiency
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is included in this function. The events are histogrammed in a similar way used to obtain
efficiency functions and are fitted with a 2 dimensional polynomial. The angular distribution
for the feed across and the combinatorial backgrounds is assumed to be flat.

We perform a fit to the angular distribution obtained for three decay modes separately
where the longitudinal polarization is the only free parameter. We also perform a simulta-
neous fit to all of three modes by defining a single likelihood. In this case, the probability
density function is obtained by taking the weighted sum of the PDF for each mode. The
weighting factor is derived from the observed number of events.

Fig. 6 shows the distribution in the cosfy — cosfg- plane for reconstructed B° —
JIK*(K* — K*+n~) together with the fitted PDF shape. The shape of the theoreti-
cal distribution in {1) with the measured longitudinal polarization is also shown. Fig. 7
shows the shapes of the distribution projected onto cosfly and cosfg- for the combined dis-
tribution of three reconstructed modes. The distributions are background-subtracted and
efficiency-corrected. The projected shapes of the theoretical function (1) with the measured
longitudinal polarization are shown in solid lines. As seen, the function reproduces the mea-
sured distributions reasonably well. The longitudinal polarization values of the J/f¢¥ (I'/T)
obtained from fits are summarized in Table IV. The results are preliminary.

Mode Iy /T
Jjp(K =)0 0.56 = 0.07
Jfp(Ksntyt 0.39 £ 0.16
JfH(E )t 0.48 + 0.18

Global fit 0.52 % 0.06

TABLE IV. Longitudinal polarization of Jf3 ([z/T} obtained from fits.

IV. MEASUREMENT OF TRANSVERSE PARITY POLARIZATION

Fig. 8 shows the angle definition in the transversity analysis. The transversity axis is
defined as an axis perpendicular to the K* decay plane spanned in the J/4 rest frame. The
By is the angle of a positive lepton from J/4 decay with respect to the transversity axis.

The distribution of cosfly can be expressed as a function of the transverse parity polar-
ization A, in [6] [7)

l dr’ — 3 2 2 3 2. 2
Fdcoshy, 5 (1 +c0s0)(1 ~ |4, ) + 714, Psin’6,, @)

The procedure of the fit is the same as that used for the longitudinal polarization mea-
‘surement. The probability density function is formed in a similar way. The transverse parity
polarization is measured by a single parameter fit to the angular distributions of cosé,, for
the reconstructed modes. .

Fig. 9 shows the combined distribution of cosfy, for all reconstructed modes. The dis-
tribution is background-subtracted and efficiency-corrected. The function shape of (3) with
the obtained polarization is shown as 4 solid line. The distribution is reproduced by the
function reasenably weil. The results of the fits are summarized in Table V. The values are
preliminary.
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The fitted PDF shape is also shown in the upper right. The lower figure shows the shape of
theoretical angular distribution (1) with the measured longitudinal polarization for this mode.
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]
b QT T

Mode (A2
Jip(K T )0 027 £0.13
J/p(Ksntyt 0.07 £ 0.32
T K0t 0.49 & 0.26

Global fit 0.27£ 011

TABLE V. Transverse parity polarization (|4, |*} obtained from fits.

V. ESTIMATION OF SYSTEMATIC UNCERTAINTIES

Uncertainties in the following items are considered as the sources of the systematic un-
certainty in the polarization measurement:

1. the efficiency function parameterization,
2. the ratio factors and the angular shape of feed across modes,
3. the ratio factor and the angular shape of non-resonant decays, and

4. the ratio factor and the angular shape of combinatorial backgrounds.

The uncertainty in the efficiency function parameterization is limited by the Monte Carlo
statistics and the goodness of the parameterization fit. To estimate the uncertainty, the
measured polarization value is compared with the result obtained without using the efficiency
function in the PDF.

The normalization of the non-resonant contamination r,, has a large ambiguity as de-
scribed in the previous section and the uncertainty of 100% is assigned to ryn,. As for the
angular distribution of non-resonant contamination which is assumed to follow the phase
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space decay, there may be a polarization effect in the distribution. The ambiguity is estimat-
ed by studying the difference from the case with the polarized angular distribution where
the polarization is set at the measured value.

The ratio factors of the feed across backgrounds 7y, and of the combinatorial background
Teombi A€ estimated using the Monte Carlo events and their uncertainties mainly come from
the limited statistics. So we conservatively assign 100% error int vy, and Feombi.

The angular shape for the feed across modes and the combinatorial background is as-
sumed to be flat in the fit, however, there may be a possible polarization effect also. This
uncertainty is estimated in a similar way as that used for the non-resonant contamination.

The results of the systematic error analyses are summarized in Table VI. We take the
linear sum of these values as the systematic uncertainty in the measured values.

r/T |ALl?

Bfficiency function 0.010 0.012

Ratio of feed across 0.006 0.005

Polarization in feed across 0.010 0.010

Ratio of non-resonant 0.007 0.005

Polarization in non-resonant 0.010 ’ 0.015

Ratio of combinatorial background <0.001 <0.001
Polarization effect in combinatorial background <0.001 <0.001
sum 0.043 0.047

TABLE VI. Table of systematic uncertainties in the polarization measurements.

VI. CONCLUSION

We have measured the longitudinal polarization and the transverse parity polarization
of the J/4 in B® = J/¢ + K*® and B* — J/y+ K** decays from the angular distribution
of the J/¢ and K* decays. The measurement is done by an unbinned likelihood fit to the
angular distribution of decay products obtained for the selected event sample of 176 events

-in total. The probability density function is formed by considering the effect of the detector
efficiency and the background contamination. We obtained the following preliminary results
from the fits:

Iy /T = 0.52 £ 0.06 £ 0.04, and
|AL|? = 0.27 £ 0.11 £ 0.05.

The measured values are consistent with the measurements by CDF [5] and CLEO II [6)
{2nd measurement). The value of the transverse parity polarization indicates that the CP
even state dominates in the BY = J/YK*°(K** — Kgr") decay.
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